0

=,

For the production of building reinforcing
steel, special charge components were used, con-
sisting of steel waste, cast iron shavings and about
20 % of NVG pellets. Steel was smelted in a 60-ton
electric arc furnace. The pouring of liquid steel
was carried out on a continuous casting machine.

Heat treatment was carried out immediately
after the rolling operation to improve the phys-
ical and mechanical properties of the construc-
tion reinforcing steels melted in the electric arc
Jurnace from the charge material using metal
waste. It is recommended that these steels be made
of low-carbon (C<0.25 %) and low-alloy steels
in order to have a sufficiently high technology
and good weldability. However, in order to meet
the requirements of construction standards, these
steels must have high structural integrity and
physical and mechanical properties.

It was found that these requirements can be
solved only by heat treatment immediately after
the rolling operation of the armature. In this case,
the effect can be obtained by reinforcing heat
treatment of the fittings by hardening due to the
rolling temperature. Therefore, in order to further
improve the properties during thermomechani-
cal treatment (TMT), the hardening was carried
out directly (immediately) after the deformation
in the roll.

Immediately after the spread, the physical and
mechanical properties, as well as the fluidity and
strength properties of the construction low-carbon
reinforcement steels met the requirements of the
standard by conducting HTMT. Increased strength
and technological properties of reinforcing steel are
achieved after hardening by dispersion hardening
at high-temperature tempering, which is carried
out at a temperature of more than 580 °C
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1. Introduction

Reinforcing steels are used in various building struc-
tures that operate in difficult conditions: under the influence
of high loads, earthquakes, corrosion, etc. Therefore, im-
proving the quality of reinforcing steels is always an urgent
problem due to the constant tightening of requirements for
them. In this direction, to improve the quality of reinforcing
steels, there are various approaches, among which steel al-
loying and heat treatment of reinforcing blanks are of dom-
inating importance. Due to the fact that many plants smelt
reinforcing steel from metal waste, which already contains
certain alloying elements in its composition, however, their
amount in the waste is not constant. Therefore, at present,
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the main vector of research is aimed at choosing the methods
and modes of heat treatment of reinforcing blanks. Among
the methods of heat treatment, thermomechanical treatment
plays a dominant role. Here the difficulty lies in how to
choose the optimal modes of thermal hardening of reinforc-
ing steel, which would combine high strength properties and
weldability of the material.

Therefore, improving the structure and properties of
reinforcing steels smelted from metal waste by thermome-
chanical treatment is relevant and requires new approaches
in this direction. For example, a change in the dislocation
mechanism of hardening due to precipitation hardening of
the structure of reinforcing steel requires new high-tech
research.




2. Literature review and problem statement

Reinforcing construction steels must have good techno-
logical and welding ability. Typically, all building structures
are obtained by welding, and therefore the ability to weld is
considered a key property of building steels. From this point
of view, construction structures are made of low-carbon
(C<0.25 %) and low-alloy steels [1, 2].

However, the above approaches in [1, 2] for the produc-
tion of reinforcing steels and increasing their properties are
based only on reducing the content of carbon to ensure good
weldability and only on the principle of low alloying, which
does not provide high strength of reinforcements that meet
European standards. In [3, 4], it is recommended to reduce
the amount of carbon in steel to 0.17+0.20 %. This amount
of carbon in steel ensures its good weldability, but steel be-
comes more ductile and therefore it cannot be significantly
strengthened by thermomechanical treatment methods.

At the same time, a radical way to increase the strength
of reinforcement is steel alloying [5, 6]. The doping effect is
manifested in the crushing of the grains of the structure, the
formation of solid solutions followed by dispersion hardening
during thermomechanical treatment. Their complex effect
leads to the formation of a certain finely reinforced struc-
ture, manifested in the size of iron atoms and the alloying
element. However, alloying reinforcing steel is not a rational
option for improving the bearing capacity, since it increases
the cost of reinforcement and reduces its competitiveness in
the world market.

At the same time, the works [7, 8] indicate that as a result
of alloying, the grain boundaries have a different character
compared to non-alloy steel, so its structure becomes more
vulnerable to welding and operation. For example, in alloy
steels with a ferritic-perlite structure, solidification occurs
due to the crushing of grains as a result of separation into
large-angle boundaries. Along with this, the mechanism of
reinforcing the structure of steel through particles of the sec-
ond phase of the alloying element (or elements) is important
for structural steels that are not amenable to welding. Conse-
quently, this approach of hardening steel is not acceptable for
building fittings.

Based on this, it is necessary to find solutions that can
improve the strength, and consequently the bearing capacity
of reinforcing steel, while ensuring its good weldability. One
of these solutions may be the use of low-carbon low-alloy
steel with the subsequent improvement of its structure using
high-temperature thermomechanical treatment, i.e. hot rolling
with subsequent heat treatment. The final structure of such
steel depends on the nature, size, hardness, distribution, and
other factors of the second phase. For example, the structure
of low-carbon low-alloy steel can be significantly strengthened
during thermomechanical treatment due to dispersion harden-

ing, i.e. the formation of only a dispersed second phase against
the background of a relatively plastic matrix.

It should be noted that dispersion hardening during
thermomechanical treatment can lead to the hardening of
steel and, on the contrary, to deterioration in its weldability.
On the one hand, this will lead to the formation of micro-
triches and an increase in the hardness and fragility of the
weld, and on the other, to the appearance of cold cracks
during the operation of the reinforcement structure.

Therefore, it is necessary to maintain an optimal balance
between the dispersed solid structure and weldability of steel
in order to avoid the formation of a Widmanstett structure and
stresses in the welding zone. Therefore, it is important to take
these circumstances into account when choosing the chemical
composition, steel smelting technology and thermomechanical
treatment (rolling with subsequent heat treatment) of non-pri-
mary valve blanks and conduct new research in this direction.

All this allows us to assert that it is expedient to conduct
a study devoted to establishing the relationship between the
optimal composition of the charge for steel smelting and the
modes of high-temperature thermomechanical treatment of
blanks of building fittings, their structure and properties.

3. The aim and objectives of the study

The aim of the paper is to improve the structure and
increase the strength, as well as the operational properties
of low-carbon low-alloy reinforcing steel through the use of
high-temperature thermomechanical hardening.

To achieve this aim, the following objectives are accom-
plished:

— to analyze the compositions and properties of reinforc-
ing steels produced in Baku Steel Company LLC;

— to study the features of thermal hardening of reinforc-
ing steels;

— tostudy the effect of thermal hardening on the strength
properties of low-carbon low-alloy reinforcing steel;

— to study the relationship between deformation during
thermomechanical hardening and structural transforma-
tions of reinforcing steel.

4. Materials and methods

Metal waste of various chemical compositions and sizes,
ferroalloys, secondary aluminum, iron ore pellets and flux
were used as the starting charge materials. Steel smelting was
carried out in a 60-ton electric arc furnace with sour lining.
After smelting in an arc furnace and out-of-furnace treatment
in a ladle furnace installation, the chemical composition of the
reinforcing steels corresponded to the data given in Table 1.

Table 1
Standard chemical composition and mechanical properties of fittings
No Standard Brand Cl.lemical composition . Mechanical proPerties
C Mn Si P N Cr | Ni | Cu| Ny | Ry, | R |85 | Bending degree
1 lcosT2016-34028 A400C | <0.22 <1.60 <0.90 | 0.05 [0.045] <0.3 | <03 |<03| - [590|390|16 90°
A500C | <0.22 <1.60 <0.90 | 0.05]0.045] <0.3 | <0.3|<03| - |[600[500|14 90°
2 |GOST52544-2006| A500C | <0.22 <1.60 <0.90 | 0.05 | 0.05 - - 0.5 — |600(500( 14 90°
3 | EN10080-2005 | B500C 0.22 — — 0.05]0.05| — — 0.8 [0.012| — [500| — 90°
4 ASTM615-60 | 615-60 |0.19-0.32| 1.2-1.6 | 1.2-1.6 |<0.04]{<0.04| - - - |615(420( 7 90°

Note: The EN10080-2005 standard allows N> max 120 ppm. The strength limit is 1.15-1.35 R,



The study of the macrostructure of reinforcing steels was
carried out on a NEOFOT-21 metallographic microscope
before and after thermomechanical hardening. Hot rolling
of continuously cast blanks on a special mill was carried out
at a temperature of more than 1,250 °C.

As a result, high-temperature thermomechanical treat-
ment took place, in which the density of dislocations in the
austenite increased, and in the process of cooling, austenite
turned into martensite, which provides thermal hardening of
reinforcing steel. The release of this steel was carried out at
a temperature of 580 °C. The mechanical properties, includ-
ing tensile strength, yield strength, elongation and bending
strain of reinforcing steel after thermomechanical treatment,
have been determined by the test methods set out in the
relevant international standards [9—-12]. High-temperature
thermomechanical treatment was carried out on reinforcing
steel blanks obtained by continuous casting.

5. Results of studies of

800 MPa, respectively [15, 16], only in At1000 steel these
values are much higher than in other steels and are 6 ,=100,
65=1,250 MPa, respectively.

A comparative analysis of these indicators shows that the
mechanical properties of fittings with the same chemical com-
position, but obtained in different technological modes, differ
significantly from each other. Thus, the mechanical properties
of thermomechanically processed reinforcing steels are much
higher than in the desired A400 and A500 steel fittings.

As follows from the data in Tables 1, 2, a significant
difference in the strength properties of reinforcing steels
having the same chemical composition lies in the fact that
in steels that have undergone thermomechanical treatment,
structural transformations occur from deformed austenite.
Twinning of austenite during high-temperature deformation
increases its degree of metastability. This state of austenite
leads to a significant change in the structure and the sep-
aration of dispersed phases during quenching, followed by
high-temperature tempering of the steel.

. Table 2
structural transformations ) ) ) o ) avle
during thermomechanical General geometrical and mechanical properties of fittings rolled in Baku Steel Company LLC
treatment of reinforcing | Mechanical prop- | Carbon Cross.
steel Permlssr erties equiva-| Do Cross- | section Paqon meter
Brand ble diam-|  Cross-section lent | mot | on
5. 1. Reinforcing steels |NO-| ¢ ¢oop| Standard | eteron bend of pro-| Fm,
produced by Baku Steel Swﬂiﬁ’s’ Lim-| Re | Ru |85 Ce Hclotl}ée files | mm? P, kq
it
Company LLC ) ' N/mm? |[%| % nom | min | nom | max
Eh,e ‘ilam purpoii(’fth‘s | a0 | GOST |0 o, |min 390 590 0 o 18 | 503 |0.367]0.395/0.430
rk i nsur ro- - -
WOTK 15 10 ensure the pro 34028-2016 max | 590 | 750 10 | 785 |0.579]0.617]0.647
duction of specimens with :
high reinforcement charac- | 5 | aso0 | GOST | 1o.gp |min|300 [600] [ _=F T 12 | 113.10.8340.888/0.932
teristics and good weldabil- 34028-2016 max | 700 | 800 14 | 154.4 [1.137[1.210[1.270
ity properties on the basis of GOST min | 500 | 600 .| 16 |201.4|1.501(1.580(1.627
. .. — <
control of alloying additives 3 | A0 | 34098-2016| 10732 max | 700 | 800 14] <30 | 90 18 | 254.8 [1.900(2.000/2.060
leading to thermal reinforce- :
GOST min | 500 | 600 20 | 314.6 [2.347]2.470[2.544
i 4 |A500C 10-32 14| <50 | 180°
Hlientb‘)f t};e imcrosgmcilﬁe 52544-2006 max | 700 | 800 22 [ 379.6 [2.831[2.980(3.069
of rebar stee’s used i the EN10080- ‘ 25 | 490.4 |3.658|3.850(3.965
construction mdustry. 5 |B500C 2005 10-32 |min | 500 | — |14] <50 | 180°
Another way to increase 28 | 615.3 [4.589|4.830(4.975
the strength of structural | 6 |a1000[, COS | 10-32 [max [1000[1250{ 7| ~ | 45" | 32 | 8038 [6:310]6.310|6.499
reinforcing steels is a dis- -

persed reinforcement mech-
anism. In this case, the in-
crease in the fluidity limit
of steel depends on the number, size, distribution nature of
the dispersed particles and the distance between them.

All these reinforcing mechanisms of steel are carried out
during rolling and thermomechanical treatment. Thermome-
chanical treatment (TMT) is a method of strengthening steel,
which consists of a combination of plastic deformation in the
case of austenite [13-15].

These steels are low-carbon, low-alloy and 60560 low-al-
loy steels with grades A400C, A500C and B500C. Their chem-
ical composition and mechanical properties are given in Table 1.

The cross-sectional areas of the fittings produced by
Baku Steel Company LLC on profiles vary from 10 mm to
32 mm (Table 2). The properties of branded fittings vary
significantly depending on the thermomechanical treatment
modes. For example, A400 steel has a fluidity limit of 390—
590 MPa and a strength limit of 590-750 MPa. In A500,
A500C and At500 steels, these values are slightly higher than
in A400 steels and are in the range of 500-700 and 600—

Note: 1. Up to 200 N/mm? is allowed to increase the R, value for this class of fittings.
2. Cr and Ni in the armature A500C are regulated by not exceeding Ce<50

3. 2. Features of thermal reinforcement of reinforcing
steels

The sum of the spread of reinforcing steels and the subse-
quent immediate heat treatment can be called high-tempera-
ture thermomechanical treatment (HTMT). The purpose of
high-temperature thermomechanical treatment is to obtain
a non-recrystallized saturated solid solution with red-hot
plastic deformation (rolling process) and high density de-
ficiency (free dislocation and sub-grain boundary) imme-
diately after annealing. After tabulation, high mechanical
properties are formed as a result of stratification. Additional
reinforcement during high-temperature thermomechanical
treatment is provided at virtually constant plasticity values.

After high-temperature thermomechanical treatment, a
heterogeneous structure is formed. Because this structure
is not stable, if rapid cooling is not provided, a break oc-
curs and, as a result, the properties are not achieved at the
required level. Therefore, it is necessary to influence the



crystallization process. In other words, landfills should not
be allowed to go.

Thus, during high-temperature thermomechanical
treatment, austenite is deformed in the thermally stable
zone during the rolling process, then annealed, and after
annealing is subjected to high stratification.

Requirements for the strength properties of rein-
forcing steels in construction, including increasing their
strength and improving cold resistance, are important
problems for reinforced concrete structures, so they can
be solved by low alloying of steel and the application of
subsequent thermal reinforcement. Methodical furnaces
are widely used in modern processing shops for rolling
fittings.

The methodical furnace currently used in Baku Steel
Company LLC is a three-zone thermal furnace. The tem-
perature in the first zone is 500—1,000 °C, in the high-tem-
perature zone 1,200-1,250 °C, and in the long-term heat-
ing zone, the temperature is 50—100 °C higher than the
temperature required for treatment. The temperature of
the metal coming out of the furnace is in the range of
1,250-1,350 °C for rolling, which allows the rolling process
to go better.

Because, if there are any drops in the temperature of
the metal coming out of the furnace, it definitely manifests
itself during rolling, i.e. the degree of deformation between
the shafts increases. This has a negative impact on the
regulation of the required dimensions. The metal from the
furnace is deformed on a three-shaft (trio) rolling machine
and formed in the final output caliber 70x70 mm, then en-
ters the draft box, the beginning and end of the 32—34 mm
circular metal paste passing through the square-oval-rhom-
bus-circular transitions are cut. At the next measurement
completion area, the profile is measured according to the
profile size of the pulling armature by opening the side
loop on the tension shafts, and then the paste enters the
calibration zone.

Thus, depending on the profiles in the rolling area,
fittings are produced by passing through 12-15 rolling
machines. Two technologies are used in the production of
reinforcing steels: hot-rolled and thermomechanical rolling
according to the zone of thermal impact. High plasticity in
hot-rolled fittings has a negative effect on many properties,
including their rapid wear and corrosion, as well as early
equipment failure [17, 18].

Fig. 1 shows the shape and profile of the
fittings produced by Baku Steel Company LLC.

It can be seen from the deformation diagram that rein-
forcing steels smelted in an electric arc furnace from metal
waste with the addition of metalized NVG pellets have
fairly high ratios of yield strength and strength R,/R,,.
This factor is direct evidence of high bearing capacity
while maintaining high ductility and, consequently, fairly
good weldability of reinforcing steel.

Stress (o), MPa

Strain (€), mm

Fig. 2. Tensile diagram of construction reinforcing steel:
A — proportion limit; B — elasticity limit; C — maximum
yield strength; D — minimum yield strength; E — tensile
strength limit; F — fracture strength (creation of the
necklace)

5. 3. Thermal reinforcement is the most effective
technology to increase the strength properties of carbon
steels

Thus, after the rolling operation is completed, the steel
is rapidly cooled directly from the austenite state, resulting
in a low-temperature decomposition structure of austenite,
unlike ordinary steel. Fig. 3 shows a diagram of the trans-
formation of austenite in reinforcing steel depending on
temperature regimes.

During thermal hardening, the decomposition tem-
perature of austenite drops, resulting in a slight delay in
the separation of extreme ferrite and the formation of dis-
persed perlite (sometimes bainite). Here, a small thickness
of martensite structure can be obtained on the surface of
steel plates, but since the initial temperature of martensite
conversion (6,=400—450 °C, 0.2 % C) is high in these steels,
the resulting martensite structure is self-leveling due to heat
in the plate [19, 20].

In other words, the surface temperature of the rapidly
cooled plates is then equalized by the heat in the inner lay-
ers, and the resulting reinforced structure is self-leveling.
No additional stratification is required for such fittings.

stiffness rib 1000 °C loc base
800 °C —
600 °C — transition
side rib layer g
Fig. 1. Shape and profile of construction fittings 400 °C ——|
surface
It should be noted that the fittings of dif-

ferent sizes purchased at the plant have quite 200 °C

strong stiffness ribs. Fig. 2 shows a tensile dia- T, sec

gram to assess the mechanical properties of the
fittings produced.

Fig. 3. Diagram of the transformation of austenite depending on
temperature regimes



5. 4. Structural transformations during thermome-
chanical hardening

As noted, the thinning of only a thin surface layer of
steels during thermal hardening is explained by the low
stability of the supercooled austenite and the high rate of
crushing of the coating (500—1,000 °C/sec.).

Fig. 4 shows a diagram of the transformations that occur
in steel during the spreading of reinforcing steel.

The free ferrite obtained during thermal hardening is dis-
tributed around and inside the grains in the form of thin layers
in the shape of needles. Such a structure increases the mechan-
ical properties by 1.3—1.5 times and reduces the occurrence of
cooling, and saves 15—-60 % of metal in construction work, in-
creasing the reliability of welded structures. The inlet tempera-
ture of the armature is 980—-1,080 °C, and in the outlet zone, it
is 580—650 °C depending on its mechanical properties [21, 22].

The length of the tempo is 3,920 mm in zone 1, 4,200 mm in
zone 2, and 5,200 mm in zone 3. Its total length is 13,320 mm.
The length of the thermal furnace together with the working
zone is 21,000 mm. After heat treatment, the structure of the
armature consists mainly of martensite and sorbitol-troostite.
This part is surrounded by an area 2—3 mm thick in the struc-
ture in Fig. 5 below.

Fig. 6 shows the 500-fold magnification of the unvaccinat-
ed and welded microstructure of low-carbon reinforced steel
subjected to high-temperature thermomechanical treatment.
Examination of these microstructures shows that the micro-
structure of the armature consists of troosto-sorbitol. Such a
structure is obtained only after tabulation in high-temperature
thermomechanical treatment and high-temperature (580—
620 °C) stratification due to the heat of the spread.

4
Splicing:
point
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Fig. 6. Microstructure of @20 armature x500:
a, b — unvaccinated, not etched; ¢, d — vaccinated, etched
samples; e, f — structure of the thermal zone;
a, ¢ — steel microstructure before thermal hardening;
b, d — steel microstructure after thermal hardening

As a result of our research, it was determined that the
effect of high-temperature thermomechanical treatment on
the cooling rate, which can provide the structure of marten-
site in low-carbon low-alloy steels, is observed when the final
rolling temperature is up to 1,070 °C. As this temperature
decreases, the effect of HTMT increases.

On the other hand, reducing the pause between the end
of the roll and the onset of intense cooling increases the ef-
fect of high-temperature thermomechanical treatment. The
degree and rate of deformation also
have a significant effect on the treat-
ment effect [23, 24].

One of the important factors in
the strengthening of carbon steel
during heat treatment is the intensive
cooling of the steel at the outlet of
the rolling mill. In this case, special
attention must be paid to the fact
that the fittings are cooled both in
cross-section and length. In many
cases, ensuring equal cooling allows
to prevent residual deformation of the

Ferrite-perlite

Fig. 4. Scheme of transformations that occur in steel during the production of fittings  product and reduce residual stresses.

according to the technological scheme

Perlitic &
Ferritic core

- 2

Macrostructure

¢

Microstructure

Fig. 5. Structural transformations of the armature after heat treatment

6. Discussion of the results of the study of
structural transformations and properties of
reinforcing steel

Rebar steel melted in an electric arc fur-
nace from metal waste using metalized pellet
HBI has a composition corresponding to the
chemical composition of low-carbon low-alloy
steel. Such steel has a stable chemical compo-
sition on different melts and is almost depleted
of harmful non-metallic inclusions (Table 1).
Continuously cast blanks from it have a finely
dispersed microstructure consisting of ferrite
and perlite (Fig. 6, a, ¢). Such a structure is well
subjected to rolling with subsequent heat treat-
ment. The advantage of this steel in the cast



state is the use of a small amount of metalized pellet (up to
20 % of the total mass of the charge), which increases the
efficiency of melting the charge in the electric arc furnace
and the deoxidation process of the steel.

With high-temperature thermomechanical treatment
(rolling+hardening+high tempering), steel is hardened on
the basis of a dislocation mechanism. At the same time, in
the process of deformation in the structure of steel, double
austenite occurs. Consequently, such a strongly deformed
austenite has a high instability and, when cooled in air, turns
into martensite. Long-range cooling of workpieces in air
leads to high-temperature release, the result of which is the
release of dispersed phases from martensite having a high
density of dislocations. It is the dispersed phases that are
the initiators of the hardening of steel, without impairing
its weldability.

Therefore, steels undergoing high-temperature ther-
momechanical treatment have a high strength at the level
of 1,000 MPa, with a requirement of 500 MPa, i.e. in
strength 2 times exceeds the established norm of the Euro-
pean standard. However, large-scale production limits the
possibility of managing the structure formation of the var-
ious batches of steel produced due to the heterogeneity of
charge materials, and consequently the production of stable
properties. To eliminate this drawback, it is necessary to
improve the technology for selecting charge materials for
the smelting of reinforcing steels, which provides a stable
chemical composition, and hence a uniform structure of the
reinforcement.

Further development of the processes of structure for-
mation of reinforcing steels is associated with the study of
transformations at the level of nanoparticles and clusters.
It is necessary to study the state and structure of the struc-
tural phases obtained as a result of precipitation hardening
of steel.

7. Conclusions

1. The use of low-carbon or low-carbon alloy steels is
more effective in the production of structural reinforcing
steels to ensure high technology and welding capacity of the
reinforcement.

2. The application of the high-temperature thermome-
chanical treatment process in the production of fittings
from low-carbon and low-carbon low-alloy steels is more
effective. In this case, it is possible to increase the flow rate
of steel up to 1,000 MPa. In construction, this requirement
is 500 MPa, i.e. it is possible to exceed this figure twice.

3. The advantage of annealing due to the rolling tem-
perature is the use of rolling heat without reheating the ar-
mature steel. This saves energy (fuel) needed to reheat steel.

4. Twinning of austenite during high-temperature de-
formation in the structure leads to an increase in its meta-
stability, as a result of which the steel is strengthened after
hardening due to precipitation hardening during high-tem-
perature tempering.
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